When urea is added to Ureaplasma urealyticum, it is hydrolysed internally by a cytosolic urease. Under our measuring conditions, and at an external pH of 6.0, urea hydrolysis caused an ammonia chemical potential equivalent to almost 80 mV and, simultaneously, an increase in proton electrochemical potential (h) of about 24 mV with resultant de novo ATP synthesis. Inhibition of the urease with the potent inhibitor flurofamide abolished both the chemical potential and the increase of Ap such that ATP synthesis was reduced to -5% of normally obtained levels. Uncouplers of electrochemical gradients had little or no effect on these systems. The electrochemical parameters and ATP synthesis were measured similarly at three other external pH values. Any change in Ap was primarily via membrane potential (A*), and the level of de novo ATP synthesis was related to the increase in Ap generated upon addition of urea and more closely to the ammonia chemical potential.
Ureaplasma urealyticum is a small, wall-less, free-living prokaryote which has been associated with infections of the human urogenital tract (2) and, more recently, with disease of preterm low-birth-weight neonates (4) . The organism possesses enough genetic material for around 500 gene products (11) , and it requires a very complex medium to support growth. Since it has no cytochromes and apparently lacks quinones (17) , oxidative phosphorylation does not occur or is severely limited; it also lacks enzymes to utilize a number of substrates (15, 16, 27) and has an incomplete spectrum of tricarboxylic acid cycle enzymes (3) . Thus, many mechanisms of substrate-level phosphorylation can also be ruled out.
Although one investigation has shown that an FoF1 proton-translocating ATPase is conserved in mycoplasmas (30) , U. urealyticum was not included in that study. Others have shown, however, that the organism has membrane-bound ATPase with similarities to the FoF1 ATPases of other bacteria (22) , and it has been reported that ATP determination represents a reliable and accurate means of measuring growth (28) . It is therefore attractive to propose that an FoF1 membrane ATPase in U. urealyticum plays an important role in energy generation. Such a proposal could rely upon a chemiosmotic mechanism (10) , as suggested elsewhere (9) , whereby generation of a transmembrane electrochemical potential would provide the electromotive force for protons to enter the cell via the FoF1 ATPase to generate ATP. Such electrochemical potentials may also be utilized in transport processes. It has been suggested that since U. urealyticum has a potent cytosolic urease, urea hydrolysis to ammonium ions and carbon dioxide generates a transmembrane potential which drives ATP synthesis (9) . While it has been reported that urea and urease activities are essential for ATP * Corresponding author.
synthesis (19) (20) (21) , the precise nature of any interrelationship remained uncertain.
In this study, we have examined the influence of urea hydrolysis upon electrochemical parameters and the influence of these parameters upon ATP synthesis.
MATERIALS AND METHODS Ureaplasma strain. U. urealyticum, serotype 8 (T960), was a gift of D. Taylor-Robinson (Clinical Research Centre, Harrow, England).
Chemicals. Radiolabelled chemicals were obtained from Du Pont, U.K., Ltd., Soluscint 0 and Solusol were from National Diagnostics, flurofamide was a gift of I. Kahane (Hebrew University, Hadassah Medical School, Jerusalem, Israel), and, except where stated, all other chemicals were from Sigma.
Cell culture and harvest. U. urealyticum was cultured (500-ml cultures) and harvested as described previously (18) . After cell harvest, the pellets obtained by centrifugation (25,000 x g, 20 min) were washed with 0.25 M NaCl, and the final pellets were resuspended in an appropriate buffer (see below) at -1 mg of protein ml-' (estimated by the method of Lowry et al. [8] ). On the basis of the determination of color-changing units per milliliter (18) , no apparent alteration in viability of the cells was apparent after this treatment.
Determination of intracellular volume. After washing, the pellet was suspended in 150 mM choline chloride-80 mM Na2SO4-50 mM MES [2-(N-morpholino) ethanesulfonic acid] buffer (pH 6.0) containing tritiated water (1.0 ,Ci ml-'; specific activity of stock, 2.5 mCi ml-') or tritiated inulin (1.0 ,Ci ml-; specific activity of stock, 100 mCi g-1). 
RESULTS
Determination of intracellular water volume. Under our assay conditions, the internal volume of U. urealyticum was 3.8 ± 0.2 ,ul mg of cell protein-'. This is comparable to reported volumes of 1.6, 2.5, and 4.8 p.l mg of cell proteinfor Mycoplasma gallisepticum, Acholeplasma laidlawii, and Mycoplasma mycoides var. capri, respectively (6, 23, 24) . This value was then used in the calculation of internal concentrations of probes and of ammonia.
A* and ApH determinations. Throughout the assays, all ureaplasma cells appeared to pass through the silicone oil mixture. There was no visual evidence of residual material in the aqueous phase, and no evidence of viable cells could be found in the aqueous phase by culture. At the density of the oil mixture used, even membranes would be expected to pass through the oil. Neither methylamine nor ethanolamine (accumulated by cells with a more acidic internal pH than the external environment) was accumulated by ureaplasmas at any of the four external pH values investigated. Ethanolamine was also used as a control in case methylamine could be transported by an ammonia carrier. This indicated that the internal cellular pH was higher than that of the external buffers used. Confirmation of this was obtained by uptake of acetic acid and chloroacetic acid at each external pH, giving reproducible ApH values over a large number of repeat assays, each carried out in triplicate. Results (Table 1) show that both A* and ApH values not only varied with external pH but also were elevated in cells catabolizing urea. These effects are discussed later. Under these circumstances, the values of A* rose between an external pH of 5.5 to 6.5 and then fell at pH 7.0. The differential in AqJ values with and without added urea, however, was greatest at external pH 6.0, showing decreased values below and above this pH. Conversely, the values for ApH in these cells displayed a narrower range and were raised only minimally in the presence of urea. Assays carried out with 100 mM phosphate (Table 5 ) and the ammonia chemical potential.
The effect of uncouplers on ATP synthesis at an external pH of 6.0 ( (21) . Others have hypothesized that urea hydrolysis produces an electrochemical gradient to generate ATP by a chemiosmotic mechanism (9, 21) . In these experiments, we have attempted to unravel the mechanism(s) which may play a role in such a system.
All electrochemical parameters were determined by using iso-osmotic buffers and careful sedimentation and suspension because of the known osmotic fragility of these cells.
With these precautions, variations in both Al and ApH values were minimized. Moreover, for the measurement of A* and ApH, it is necessary to maintain a stable external pH.
Although ammonia is released extracellularly by ureaplasmas after hydrolysis of urea by cytosolic urease, no increase in external pH was measurable during the 30-s period of the assays. The parameters were all maximal at -30 s after the addition of urea, the minimum assay period possible with our protocol. This reflects the pulsed nature of the experimental system and may correlate with the in vivo situation where not only would cells receive an intermittent nutrient supply but also released metabolites would be quickly dissipated. The data showed that the addition of urea to viable ureaplasmas produced an increase in both At and ApH. The reported increase in Ap may be too low to account for the -3 mM concentration increase in ATP determined. However, since the relationship between Ap and ATP synthesis is nonlinear, this rise may increase the energization of ureaplasmas sufficiently to initiate ATP synthesis dependent upon atypical H+-or monovalent cation+-to-ATP stoichiometry as observed in other microorganisms. In addition, the Ap values determined in the absence of urea suggest generation by urea-independent "housekeeping" metabolic processes. Variation in these Ap values with changing external pH suggests that these processes are pH dependent and may reflect an energy requirement for maintenance of cellular viability under suboptimal conditions. Although very difficult to prove experimentally, we suggest that urea hydrolysis down-regulates some or all housekeeping processes (perhaps in a pH-dependent manner) either directly by urea or via the ammonia chemical potential. If this was the case, the magnitude of Ap determined in the presence of exogenous urea and not the differential in Ap values determined (in the presence or absence of urea) would be expected to relate closely to the urease activity of the cells, which is indeed the case to some extent. The fact that Ap (in the presence of urea) does not follow precisely the de novo ATP synthesis may suggest that energy is still required for housekeeping systems at suboptimal pH values for growth. ATP synthesis, however, correlated to some extent with the differential in Ap (in the presence or absence of urea; see below). The predominant component in the elevation of Ap values is Al, which contrasts with previous observations that ApH is the more significant factor (19, 21) .
These data extend a previous report that gave qualitative information that the addition of urea to a suspension of U. urealyticum increased membrane potential (19) . The increase in both Adj and ApH was totally abolished by the addition of flurofamide, thus demonstrating that urea hydrolysis is, at a minimum, related to the increase in Ap.
Since we (13) and others have shown that the urease is entirely cytosolic and since only whole cells were used in our short assays, our studies show that cytosolic urea hydrolysis resulted in a concentration gradient of ammonia with an internal concentration up to 21-fold greater than the external concentration. This suggests that passive diffusion of ammonia is limited. We have reported that some of the ammonia is utilized in citrulline synthesis (26 The influence of external pH on ATP synthesis in ureaplasmas has been reported (20) , and the data presented here are in broad agreement. In our study, it was noteworthy that the effects of exogenous urea, ionophores, and flurofamide on ATP synthesis mirrored their effects on the measurement of electrochemical parameters. Although exogenous orthophosphate was included in the assays to potentiate ATP synthesis, this was not necessary since ATP synthesis was observed in its absence (data not shown). This is despite a report (20) that its presence was essential. In addition, use of phosphate buffer or of the standard buffer plus phosphate produced values for electrochemical parameters similar to those obtained with the standard buffer alone.
Throughout the work presented, it is our contention that any exogenous urea would be hydrolyzed within the short assay periods used. We had previously reported (18) that at its optimum pH, purified ureaplasma urease is -100 times more active than jack bean urease. Assuming the known urease content as a proportion of total cellular protein (12) , the maximum amount of urea used in the assays would, under optimal conditions, be hydrolyzed in -7.5 s. Even assuming suboptimal urea hydrolysis at the various pH values used, all added urea should be completely hydrolyzed well within the 30-s assay period.
With respect to ureaplasmas, it is of interest that the pH of the urogenital tract is on the acid side of neutrality (29) , similar to the pH values for optimum growth (25) , maximum increase in Ap, maximum ammonia chemical potential, maximum urease activity, and maximum ATP synthesis. This may provide an explanation for the preferred host sites for colonization.
Overall, the data presented indicate that urease activity generates an ammonia chemical potential with concomitant increases in both Ap and ATP. Each of these were pH dependent and maximal at an external pH of 6.0, the optimal pH for ureaplasma growth. All were inhibited by flurofamide, supporting a link between these factors and confirming the hypothesis of Masover et al. (9) of a chemiosmotic mechanism for ATP generation in U. urealyticum resulting from urea hydrolysis. There are also indications that the metabolic processes of these simple organisms may be more complex than previously believed and that ureaplasmas differ significantly from other bacteria in this respect. However, the nature of the cation(s) species involved, whether an ammonia porter exists and whether the entire electrochemical potential generated during urea catabolism is due to an ammonia chemical potential, will form the basis of future work.
